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Abstract 


The reoxidation and reduction of a Ni-YSZ anode were investigated by monitoring the variation of ohmic resistance and the open circuit voltage 
of anode supported cells using electrochemical impedance spectroscopy. The ohmic resistance curves showed that anode reoxidation could be 
largely divided into three stages: an initial stage with a slow increase of ohmic resistance, a quick oxidation stage with a sharp increase in ohmic 
resistance and a final stage with a slight decrease of ohmic resistance. Reoxidation at 800°C was a rapid process with a short initial stage, whereas 
reoxidation at 500°C did not proceed in the last two stages. The OCV curves showed that reoxidation above 600°C caused cracking of the YSZ 


electrolyte film. 
© 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 


Solid oxide fuel cells (SOFCs) are a promising new 
technology for highly efficient, environmental-friendly power 
generation. The anode-supported design is by far the most 
widely employed in state-of-the-art SOFCs due to its higher 
power density and lower fabrication cost [1—4]. In a typical 
anode supported cell, the anode is a porous Ni-YSZ cer- 
met with a thickness between 0.5 and 2mm. The electrolyte 
is a thin (~10 um) and dense YSZ layer supported on the 
anode substrate. The cathode is usually a porous composite of 
strontium-doped manganite (La;_,Sr,MnO3_3, LSM) and YSZ 
electrolyte. 

With rapid progress in power density and cost reduction, the 
stabilities, including both the thermal-cycling stability and redox 
stability, become one of most important issues from various prac- 
tical considerations. In a real SOFC system, cyclic reduction 
and oxidation (redox) can unavoidably occur for various rea- 
sons, such as the occasionally break-down of the fuel supply at 
the operating temperature or failure in cell sealing. The redox 
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behaviour of nickel will result in large bulk volume changes, 
which may have a detrimental effect on the electrolyte film, 
anode microstructure and the integrity of the anode/electrolyte 
interfaces, and lead to performance degradation or cell failure. 

The volume change of nickel during the reduction of a sin- 
tered NiO-YSZ does not appear to damage the electrolyte, but 
the reoxidation of nickel might lead to the cracking of electrolyte 
[5]. Reoxidation could lead to an increase of polarization resis- 
tance, which is ascribed to the formation of cracks within the 
anode [6]. Waldbillig et al. have observed that the amount of 
cracks was reduced by lowering the Ni content in the anode and 
by reducing the reoxidation temperature. The cell performance 
degradation after redox at 750°C has also been observed [7,8]. 
Malzbender et al. have revealed that after reoxidation, nickel 
oxide particles have a higher porosity and the anode expansion 
causes tensile stresses to develop in the electrolyte, ultimately 
causing fracture [9]. 

Up to now, most researches on the anode redox behaviour 
have been carried out either on the Ni-YSZ cermet during the 
redox process or on the cell after the redox process, which 
showed the historical effects of the redox process of a Ni-YSZ 
cermet and the cell degradation. An important need for under- 
standing the redox behaviour is in situ monitoring and analysis 
of the practical changes in a cell during the redox process. In 
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this study, the redox process of an anode-supported cell was fol- 
lowed by the measurements of ohmic resistance and open circuit 
voltage using electrochemical impedance spectroscopy (EIS). 


2. Experimental 
2.1. Cell preparation 


All the cells used in this work were batch-prepared using 
a two-step co-firing method. Firstly, commercial 8 mol% yttria 
stabilized zirconia (YSZ, Tosoh Corporation) and nickel oxide 
(NiO, J.T. Baker Corporation) powders were mixed in the pro- 
portion of 50:50 (wt%) with solvent and organic binders, and 
then tape-cast into an anode substrate. The YSZ electrolyte was 
slurry-coated on the green substrate and then cut into individ- 
ual discs of 2 cm in diameter. These electrolyte—anode bilayered 
discs were fired at 1400°C. A Lag.s9Sro.s9MnO3 (LSM)/YSZ 
composite cathode was applied onto the electrolyte film by 
screen-printing method and fired at 1200°C for 2h. The anode 
thickness was ca. 800 um, and the electrolyte thickness was ca. 
10 um. The cathode was ca. 0.50 cm? in area and ca. 50 um in 
thickness. All the cells had the same structure and compositions. 
The weight error between cells was less than 2%. 
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2.2. Course of anode redox 


The cells were tested in an apparatus, as shown in Fig. 1. 
The cell was sandwiched between two alumina tubes. Silver 
mesh, which was spring-pressed onto the anode and cathode 
sides, was used as both current collectors. The cathode side was 
sealed with a flexible gasket. The anode side was sealed with 
a glass ring. To assure gas tightness, the anode side seal was 
checked with a nitrogen flow at 800°C before anode reduction. 
With successful sealing, bubbles in water from the anode outlet 
could be observed with a 0.5 ml min~! nitrogen flow. Through 
the experiments, the flowing rate of O2 to the cathode chamber 
was maintained at 50 ml min7!. 

The redox of anode was performed as below. First, all the sin- 
tered anodes were reduced at 800°C with a 5% H2 and 95% He 
blending gas at 100 ml min~!. Then, the anodes were reoxidized 
under a flow of 50 ml min! air at 500, 600, 700 and 800°C, 
respectively. Finally, the anodes were reduced again with 5% H2 
and 95% He at 100 ml min™! and at 500, 600, 700 and 800°C, 
respectively. During the experiments, highly pure helium was 
flowed for 10 min between atmosphere changes. All the gases 
were introduced to the anode through a water bubbler at room 
temperature. 


<< — Glass seal 


Ag mesh 


> Alumina tube 


k Quartz tube 


Ag wires 


Fig. 1. Schematic of the cell testing apparatus. 
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Fig. 2. Nyquist plots showing the variation of cell ohmic resistance with anode 
reoxidation at 800°C. 


2.3. Monitoring of by EIS 


The impedance of the cells was measured typically by the two 
electrode method under open circuit conditions using a Solartron 
1287 potentiostat and 1260 frequency response analyzer com- 
bined with a computer. The measurement was used to record the 
ohmic resistance and open circuit voltage. In order to follow the 
fast reoxidation and reduction process, the impedance spectra in 
the frequency range from 10° to 9000 Hz were taken with a sig- 
nal amplitude of 10 mV. One impedance spectrum was recorded 
each minute. 

In a Nyquist plot, the real axis Z’ represents the resistance 
value with sweeping frequency and the imaginary axis Z” rep- 
resents the capacitance (the first quadrant) or inductance (the 
fourth quadrant). The intercept of the impedance spectrum with 
the Z’-axis in the high-frequency range is usually considered to 
be the total ohmic resistance, which is the sum of anode ohmic 
resistance, cathode ohmic resistance, electrolyte resistance and 
contact and lead resistance. 

Fig. 2 gives some examples of EIS with anode reoxidation 
time at 800°C. The ohmic resistance changed little in the initial 
3 min, but began to increase dramatically after the fourth minute. 
The corresponding ohmic resistance plot with time might give 
us some information about anode during redox. The conversion 
of Ni and NiO during reduction or NiO to Ni during oxidation 
will cause a large difference in electrical conductivities, and the 
variation of the anodic ohmic resistance can be expected. The 
ohmic resistance for a 20 m-thick YSZ film is only 0.05 Q cm? 
at 800°C, and it is about 5 2 cm? at 500°C [10]. The ohmic 
resistance for the cathode is a result from the resistances of 
LSM, YSZ and silver paste for current collecting. The resistance 
of silver is much smaller than the other two, and it will vary little 
with anode redox changes. The contact and lead resistance will 
not change with the redox because a spring-pressed structure 
was used for current collecting. Therefore, the change of the 
total cell resistance will mainly come from the anode during 
redox changes. 
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Fig. 3. Variation of the cell ohmic resistance with anode reoxidation time at (a) 
800 °C, (b) 700 °C, (c) 600 °C and (d) 500°C. 


3. Results and discussion 
3.1. Reoxidation of Ni-YSZ anodes 


After the sintered anodes were reduced at 800 °C, the Ni-Y SZ 
anodes were exposed to flowing air at 500, 600, 700 and 800°C, 
respectively. Fig. 3 shows the variation of ohmic resistance with 
reoxidation time. Similar ohmic resistance curves are shown for 
the reoxidation at 600, 700 and 800 °C. Based on the ohmic resis- 
tance change, the anode reoxidation can largely be divided into 
three stages, including an initial stage with a slow increase of 
ohmic resistance, a quick oxidation stage with a sharp increase 
of ohmic resistance and the last stage with a slight decrease of 
ohmic resistance. In the initial oxidation stage, the ohmic resis- 
tance increases very slowly, suggesting that oxidation might 
occur on the surfaces of nickel particles without a significant 
impact on the Ni—Ni electronic conduction network. The second 


B. Liu et al. / Journal of Power Sources 165 (2007) 114-119 


YSZ 


Ni 


117 


(D) vo \ WS Y yr N A | 


C] NiO 


Fig. 4. Schematic illustration on the different oxidation stages: (A) anode with nickel conduction network before reoxidation, (B) anode in the initial reoxidation 
stage, (C) anode in the rapid oxidation stage, and (D) NiO conduction network after complete reoxidation. 


stage is featured with a sharp increase of ohmic resistance. In this 
stage, the inter-particle connections of nickel could be rapidly 
broken down with oxidation and at the end of this stage, the 
nickel electrical conduction network is completely destroyed. 
In the last stage, the ohmic resistance decreases with the oxi- 
dation process, suggesting the formation of a new conduction 
network from interconnections of NiO particles. The cell ohmic 
resistance at 500°C is ca. 2.3 Qcm?, which is mainly from the 
resistance of the YSZ electrolyte film. Upon exposing to air, the 
total cell resistance remains unchanged, suggesting that reoxida- 
tion affect little on both the conductivity of anode and electrolyte. 
Our previous research showed that the conversion of Ni to NiO 
was ca. 10% under a pure oxygen atmosphere at 400°C [11]. 
The incomplete oxidation of nickel affords the little variation in 
the ohmic resistance. 

In a Ni-YSZ anode, the electrical conductivity is mainly 
determined by the nickel continuity [12,13]. The change of 
ohmic resistance with anode reoxidation can be illustrated by 
the schematic in Fig. 4. At the initial reoxidation stage, oxy- 
gen reacts with the surface layers of Ni and results in oxide 
scales, which were observed by Klemens¢ et al. [14]. Then, the 
NiO conducting network begins to form gradually. The oxida- 
tion at 500°C might stop at this period with the formation of 
oxide scale. Anode conductivity is still dominated by the nickel 
network conductivity at this stage. With further oxidation, the 
nickel conduction network begins to be broken down. Both NiO 
and YSZ have a very low conductivity, which are several orders 
of magnitude lower than that of nickel. The ohmic resistance 
from anode dramatically increases at this period. The conver- 
sion of Ni to NiO would lead to the formation of large and 
porous nickel oxide particles. In theory, the bulk volume of a 
fully dense NiO sample should expand by 69.2% upon oxidation. 


The NiO particles from reoxidation have a sponge-like structure 
with higher porosity than the dense NiO particles in the sin- 
tered anode [8,9]. This results in a high conductivity of the NiO 
conducting network. On the hand, some cracks might generate 
on the YSZ film. The deposition of highly conductive materials 
such as silver in these cracks would also lead to a decrease in 
the total ohmic resistance. So, the decline of ohmic resistance 
would come from both nickel oxide and the deposits in these film 
cracks. 

The rate-determining step for reoxidation in the porous 
Ni/YSZ cermet is nickel diffusion through the growing nickel 
oxide layer. Higher temperatures facilitate nickel diffusion and 
the conversion of Ni to NiO. The critical time when the total 
ohmic resistance attains the maximum value is 73, 19 and 3 min 
at 600, 700 and 800 °C, respectively. The shorter critical time for 
the reoxidation at higher temperature is reasonable. For the cell 
reoxidized at 500°C, the ohmic resistance has little change up 
to 450 min, which indicates that the reoxidation rate is so slow 
that the nickel conduction network can not be destroyed. 


3.2. Variation of open circuit potential during reoxidation 


Fig. 5 shows the variation of the open circuit potential with 
oxidation time. The open circuit potential rapidly decreases after 
the introduction of air, indicating that the oxygen partial pressure 
in anode rapidly increases. 

The theoretical open circuit potential at different conditions 
can be calculated by using Nernst equation: 


RT 
AF 


l POdieathode) 
POs anode) 


E (1) 
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Fig. 5. Variation of open circuit potential with reoxidation time at (a) 800°C, (b) 700°C, (c) 600 °C and (d) 500°C. 


where £E is the open circuit potential (V), R is the universal gas 
constant (8.314 J mol`! K~!), Tis the temperature (K), F is the 
Faradic constant (96,485 C mol~!), POs anode) 18 the anodic oxy- 
gen partial pressure, and PO, cana) 1S the oxygen partial pressure 
on the cathode side, which is | atm in our experiments. 

At the end of reoxidation, the open circuit voltage (OCV) for 
the cell at 500 °C is 0.0274 V, which is very close to the theoret- 
ical value of 0.0268 V, indicating that the YSZ electrolyte film 
has withstood the reoxidation. This is consistent with the result 
from the ohmic resistance curve. The OCV for the cells reoxi- 
dized at 600, 700 and 800°C is 0.0269, 0.0233, and 0.0338 V, 
respectively, which is far less than the corresponded theoretical 
values of 0.0303, 0.0337 and 0.0372 V. Thus, the OCV results 
also depict that the cells reoxidized at above 600 °C have caused 
cracking of the thin YSZ film, and a more serious damages 
to the YSZ film at 700°C might occur than those at the other 
temperatures. 


3.3. Reduction of reoxidized Ni/YSZ anodes 


All the anodes were reduced again with a blending gas of 
5% H2 and 95% He after reoxidation. Fig. 6 shows the variation 
of the ohmic resistance with reduction time. Except the cell 
at 700°C, all the cells show that the ohmic resistance rapidly 
decreases to stable values within 10 min. This indicates that the 
nickel conduction network forms much more easily than the 
NiO conduction network. A larger peak appears on the ohmic 
resistance curve of 700°C, which reflects a larger fluctuation of 
ohmic resistance. The peak should be related to oxygen leaking 
from the cathode to the anode due to YSZ film fractures. 

Fig. 7 shows the variation of open circuit potential during 
the reduction of the reoxidized anode. For most cells, the open 
circuit potentials increase rapidly which are concurrent with the 
variation of ohmic resistance with reduction time. All the cells, 


which were previously reoxidized at above 600°C, exhibit a 
final OCV much lower than the ideal value, especially for the 
cell reoxidized 700 °C. This depicts that the electrolyte films in 
these cells have cracked during reoxidation. The cell which was 
previously reoxidized at 500 °C gives the best OCV after the re- 
reduction, consistent with the small change of ohmic resistance 
in the reoxidation process. The higher temperature reoxidation 
usually causes a larger anode volume expansion, which could 
severely damage the integrity of the YSZ film. On the other hand, 
it was found from the dilatometer measurements that the anode 
volume expansion was sensitive to minor variations in the anode 
microstructure, which originated from either the preparation or 
the nickel reorganization during the initial reduction [15]. This 
is probably the reason that reoxidation at 700°C has produced 
the most severe damage to the YSZ film although these cells are 
from the same batch. 
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Fig. 6. Variation of cell ohmic resistance with reduction time at (a) 800 °C, (b) 
700 °C, (c) 600°C and (d) 500°C. 
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Fig. 7. Variation of open circuit potential with reduction time at (a) 800°C, (b) 
700°C, (c) 600°C and (d) 500°C. 


4. Conclusions 


The redox behaviour of a Ni-YSZ anode in cells has been 
investigated through the monitoring of ohmic resistance using 
electrochemical impedance spectroscopy and the open circuit 
voltage. Anode reoxidation can be divided into three stages: an 
initial stage with a slow increase of ohmic resistance, a quick 
oxidation stage with a sharp increase of ohmic resistance and 
the last stage with a slight decrease of ohmic resistance. The 
OCV curves indicate that cell cracking has occurred in the quick 


oxidation stage. The cell with an anode reduced at 800°C could 
only bear the reoxidation below 500°C. 
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